Background: Social isolation is associated with accelerated breast cancer progression and increased disease recurrence and mortality, but the underlying biological mechanisms remain poorly understood. In preclinical models, beta-adrenergic signaling from fight-or-flight stress responses can stimulate prometastatic processes in the tumor microenvironment including upregulation of M2 macrophages, epithelial-mesenchymal transition (EMT), and lymphovascular invasion. This study examines whether the same pathways are upregulated in breast tumors from socially isolated cancer patients. Methods: EMT and M1/M2 macrophage gene expression programs were analyzed by genome-wide transcriptional profiling, and lymphatic and vascular density were assessed by immunohistochemistry in primary tumors from 56 early-stage breast cancer patients who were part of the UCLA RISE study. Social isolation was quantified by the Social Provisions Scale, and disease characteristics were assessed by medical record review. General linear models were used to quantify differential gene expression across risk factor groups. Linear regression models were used to examine associations between social isolation and lymphovascular invasion. Results: Tumors from socially isolated patients showed upregulated expression of genes involved in EMT (average score difference ¼ þ0.080 log2 mRNA abundance 6 0.034 standard error) and M2 macrophage polarization (þ0.033 6 0.014) as well as increased density of lymphatic vessels (b¼ -.29) but no difference in blood vessel density. TELiS promoter-based bioinformatics analyses indicated activation of CREB family transcription factors that mediate the gene-regulatory effects of b-adrenergic signaling (log2 fold-difference in promoter binding site prevalence: mean 6 standard error ¼ þ0.49 6 0.19). Conclusions: Primary breast tumors from socially isolated patients show multiple prometastatic molecular alterations, providing a plausible biological pathway through which poor social support may accelerate breast cancer progression and defining new targets for intervention.
Host characteristics can significantly influence the development and progression of breast cancer (1) , and research has increasingly sought to target such effects in order to optimize treatment outcomes and enhance survival. Much research has examined the role of the tumor microenvironment in modulating breast tumor progression and metastasis, including the effects of tumor-associated macrophages (TAMs) (2) (3) (4) (5) , blood and lymphatic vessels (6, 7) , and cell differentiation dynamics such as epithelial-mesenchymal transition (EMT) (8) (9) (10) (11) .
Macrophages are recruited to breast tumors as they develop where they promote angiogenesis, invasion, and metastasis (4) . In particular, murine models of breast cancer have demonstrated that alternatively activated or M2 macrophages play an important role in tumor cell migration and invasion (5) . TAMs may influence tumor progression by facilitating the EMT, which is critical for tumor cell migration and invasion (8) . Macrophages and other inflammatory cells in the tumor microenvironment release EMT-inducing signals, which activate EMT-related transcription factors and associated molecular programs within tumor cells (9, 10) . Tumor cells that have acquired mesenchymal attributes show increased invasion, metastasis, and resistance to chemotherapy (11) . TAMs may also influence tumor progression through effects on the lymphatic system, which provides a pathway for tumor cells to escape the primary tumor and colonize distant tissue sites. TAMs have been shown to increase lymphatic vessel density (LVD) in preclinical models (12) , and tumor-associated LVD is associated with poor prognosis in breast cancer (6, 7) .
Tumor progression is also influenced by the broader "tumor macro-environment" of the host's systemic physiology and the life circumstances that modulate those systemic effects on the biology of tumor cells and their microenvironment (13) (14) (15) . For example, preclinical mouse models of human cancer have shown that chronic activation of fight-orflight stress physiology from the sympathetic nervous system (SNS) can promote breast tumor metastasis via b-adrenergic upregulation of multiple prometastatic pathways including TAM recruitment, tumor angiogenesis and lymphangiogenesis, and EMT (12, 16) . Stress-induced glucocorticoid signaling from the hypothalamic-pituitary-adrenal axis can also promote tumor development, chemoresistance, and metabolic reprogramming of mammary adipose tissue in ways that promote tumor progression (15, 17) . Social isolation of tumorbearing mice has also been found to accelerate mammary tumor progression (18) and upregulate angiogenesis and TAM recruitment while downregulating tumor-associated T-cell prevalence and activation (19, 20) . However, the relevance of these findings to human breast cancer remains unclear because few studies have examined the relationship between patient life circumstances and the molecular biology of their breast tumors.
Epidemiologic analyses have identified social isolation as one of the most robust patient-level risk factors for cancer progression and mortality (21, 22) . Socially isolated breast cancer patients show decreased survival in multiple cohort studies (23) , including the NCI Black/White Survivors Study (n ¼ 1011) (24) , the Nurses' Health Study (n ¼ 2835) (25) , and the After Breast Cancer Pooling Project (n ¼ 9267) (26) . Although isolationrelated differences in breast cancer survival are well established, the mechanisms underlying this association remain poorly defined and are thus difficult to remedy. Some analyses suggest that differential breast cancer outcomes may stem from differences in health-related behavior and medical treatment in socially isolated women (27) . However, results from the preclinical animal models summarized above suggest that stress effects on tumor biology may also contribute. Such effects would be consistent with the increased SNS, HPA-axis, and proinflammatory signaling activity observed in humans experiencing social isolation (28) (29) (30) .
To clarify the biological basis for isolation-related differences in breast cancer mortality, the present analyses examined whether primary tumors from socially isolated breast cancer patients showed increased activity of specific molecular pathways implicated in previous preclinical models of stress effects on breast cancer progression, focusing on upregulation of EMT, M2 macrophage polarization, and blood and lymphatic vessel density (12, 16) . Gene expression profiling was used to quantify EMT-related and M1/M2-characteristic gene transcripts, and immunohistochemistry (IHC) was used quantify density of blood and lymphatic vessels in primary breast tumors using antibodies to identify intratumoral vascular (CD31) and lymphatic (LYVE-1) endothelial cells.
Methods

Participants
Fifty-six participants were identified for these analyses from the UCLA RISE study, a prospective observational study of women recently diagnosed with early-stage (0-IIIA) breast cancer. RISE study patients were recruited from physician offices after diagnosis but before onset of adjuvant or neoadjuvant therapy with chemotherapy, radiation, trastuzumab, and/or endocrine therapy. The current study focused on a subgroup of RISE study patients who met the following inclusion criteria: 1) diagnosis with stage I, II, or III breast cancer; 2) resection of primary tumor at UCLA; 3) breast tumor tissue available for analysis; and 4) no neoadjuvant chemotherapy.
Procedures
After enrollment in the RISE study, patients completed selfreport questionnaires to assess demographic and psychosocial factors, including social isolation. Formalin-fixed paraffin-embedded (FFPE) tumor blocks were obtained from the UCLA Translational Pathology Core Laboratory (TPCL) and sectioned for analysis. The UCLA Institutional Review Board approved all study procedures, and informed consent was obtained from all patients.
Social Isolation
The attachment subscale of the Social Provisions Scale (SPS) was used to assess subjective experiences of social attachment/ isolation (31) (32) (33) . This four-item scale measures the extent to which an individual feels emotionally connected to vs isolated from others and has good reliability and validity, including predictive, convergent, and discriminant validity (32) . The coefficient alpha for the attachment subscale was 0.75 in the validation sample (32) and 0.79 in the current study. The attachment subscale is associated with biological and health outcomes in ovarian cancer (34) (35) (36) (37) . In line with previous work, social isolation was indicated by an SPS attachment subscale score of 14 or less (possible range ¼ 0-16). Of note, this scale is not specific to social support related to cancer and thus provides a more general measure of perceived social connection/ isolation.
Demographic and Clinical Characteristics
Self-report questionnaires were used to assess age, ethnicity, and marital status. Height and weight were measured for determination of body mass index (BMI). Clinical information was abstracted from medical records and reviewed by a medical oncologist (PAG) to determine tumor characteristics (stage, estrogen receptor [ER]/progesterone receptor [PR]/human epidermal growth factor receptor 2 [HER2] status, Ki67%), which were used to define breast cancer subtypes.
Tumor Samples
Laser Microdissection
For in situ analysis of the whole tumor transcriptome, two adjacent 5 lm sections of formalin-fixed paraffin-embedded breast tumors were cut, one onto a positively charged glass slide (Fisher Scientific) for hematoxylin and eosin (H&E) staining and one onto a polyethylene naphthalate membrane glass slide (Leica) for laser-capture microdissection (LCM) using a Leica LMD7000 Laser Microdissection System. A pathologist (RA) mapped the tumor perimeter based on the H&E section, and a 0.55 mm margin was added to that perimeter to define the LCM capture region (to ensure that we captured relevant microenvironmental tissue). Subsections were captured using a 349 nm adjustable pulse laser (pulse frequency 10-5000 Hz; pulse length <4 ns; maximum pulse energy 120 mJ), deparaffinized (Qiagen), and processed for total RNA extraction (Qiagen) with DNase treatment (Qiagen). One sample was not available for LCM.
Gene Expression
Profiles LCM RNA samples were tested for suitable mass (Nanodrop ND1000) and were subject to genome-wide transcriptional profiling using Ambion TotalPrep cRNA hybridized to Illumina HT-12 v4 BeadArrays in the UCLA Neuroscience Genomics Core Laboratory, following the manufacturers' specified protocols. All assay and normalization procedures were performed blind to participant characteristics. Transcript abundance values were quantile-normalized and log2-transformed before analysis. One sample yielded insufficient target cRNA and was excluded from further analyses.
Immunohistochemistry
The purpose of our IHC studies was to identify and quantify intratumoral blood vessels and lymphatic vessels. To identify the blood vessels, we used an antibody against the platelet endothelial cell adhesion molecule (PECAM-1), also known as cluster of differentiation 31 (CD31), which has been used extensively to identify the endothelial cells lining the microvasculature (38) . For lymphatic vessels, we utilized an antibody that recognizes the protein lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1), a cell surface receptor on lymphatic endothelial cells that has been previously described as a marker of lymphatic endothelial cells (39) . Combining IHC with digital slide scanning allowed us to quantitate the density of vessels within a given section of tumor slides.
IHC was performed on sections of formalin-fixed paraffinembedded breast tumors adjacent to those used for gene expression profiling. Regions of interest were selected based on the pathologic characteristics (nuclear and cellular morphology) from a hematoxylin-stained section. Primary polyclonal antibodies against CD31 (clone ab28364, 1:100 dilution, ABCAM, Cambridge, MA) and LYVE-1 (clone PA1-16635, 1:200 dilution, Thermo Fisher Scientific, Waltham, MA) were applied to formalin-fixed paraffin-embedded sections. The sections were deparaffinized in xylene and rehydrated through graded alcohols to distilled water before undergoing antigen retrieval. Briefly, antigen retrieval was done by heating in citrate buffer (pH 6.0), followed by blocking with 10% normal donkey serum diluted in phosphate-buffered saline. Primary antibodies against CD31 and LYVE-1 were then applied overnight. The secondary antibody was Biotin-SP Conjugated AffiniPure Donkey Anti-Rabbit IgG (Jackson Immunoresearch Laboratories, West Grove, PA). Visualization was achieved using the Pierce DAB Substrate Kit (Thermo Fisher Scientific, Waltham, MA).
Digital Slide Scanning and Image Analysis
Whole slides were scanned using the Aperio Digital Pathology Slide Scanner ScanScope AT Turbo (Leica Biosystems, Buffalo Grove, IL). Images were analyzed using quantitative analysis software Aperio ImageScope v12.3.2.8013. The algorithm for microvessel analysis quantitatively assessed the number of vessels and analysis area based on spectral separation of the DAB-stained structures. These structures were then used to compute a measure of microvessel density per unit area (um 2 ).
Several samples could not be stained or had insufficient tumor for analysis (n ¼ 7 for LYVE-1, n ¼ 8 for CD31).
Statistical Analyses
General linear models were used to quantify differential gene expression across risk factor groups (high vs low social isolation) while controlling for age, race (white/nonwhite), marital status, BMI, disease stage, and breast tumor subtype. Genomics analyses tested two primary hypotheses involving 1) a possible isolation-related difference in average expression of 130 EMTrelated transcripts previously found to discriminate between epithelial-and mesenchymal-polarized breast cancer cells (NCBI Gene Expression Omnibus GSE13915) (40) and 2) a possible isolation-related difference in average expression of 113 transcripts previously found to discriminate between M1 and M2 macrophage phenotypes (GSE5099) (41) . For each primary hypothesis, gene-specific differential expression estimates were combined into a composite contrast score, with the EMT contrast weighting mesenchymal genes þ1 and epithelial genes -1, and the M1/M2 contrast weighting M2-characteristic genes þ1 and M1-characteristic genes -1. Standard errors for these differential expression contrasts were derived from bootstrap resampling of linear model residual vectors across all genes analyzed, and thus accounted for any potential correlation among residuals across genes. These gene set-based analyses were the only primary hypotheses tested, and no attempt was made to quantify the statistical significance of differential gene expression at the level of individual transcripts, as this study was neither intended to nor powered for individual gene-specific analyses. Following significant results from primary analyses, ancillary secondary analyses were conducted to test two additional a priori-specified hypotheses regarding specific stress-related neuroendocrine signaling pathways that might potentially contribute to observed differences in EMT and/or M1/M2 gene expression. These analyses were conducted using the TELiS promoter-based analysis of transcription factor-binding motif prevalence (42) applied to consensus human genome sequences for the core promoter regions of all genes showing a 1.2-fold or greater difference in (adjusted) average expression in tumors from patients with low vs high social isolation. Differential activation of CREB family transcription factors (which mediate badrenergic signaling from the sympathetic nervous system) was assessed using the TRANSFAC V$CREB_01 position-specific weight matrix, and differential activity of the glucocorticoid receptor (which mediates signaling by glucocorticoid hormones from the hypothalamus-pituitary-adrenal axis) was assessed using the TRANSFAC V$GR_Q6 matrix. In each analysis, the ratio of response element frequencies in the promoters of upregulated vs downregulated genes was taken as a measure of differential activity of transcription control pathways, and (log) ratios were averaged over nine different parametric combinations of promoter length (-300, -600, and -1000 to þ200 bp upstream of RefSeq-designated transcription start site) and motif detection stringency (TRANSFAC mat_sim values of 0.80, 0.90, and 0.95) to ensure robust results (42) .
Linear regression models were used to examine the association between social isolation and lymphovascular invasion (SPSS, version 24). These analyses used continuous scores on the SPS attachment scale and controlled for age, race (white/nonwhite), marital status, BMI, disease stage, and breast tumor subtype. The outcomes of interest were CD31 microvessel density and LYVE-1 microvessel density.
Results
Participant Characteristics
Fifty-six women met eligibility criteria and were included in the analysis sample. As shown in the first column of Table 1 , the majority were white and married, with body mass index in the overweight range. Most had either stage I or stage II breast cancer, and the majority were classified as luminal A. On average, there was a one-month interval between diagnosis and surgical resection of the primary tumor (mean time from diagnosis to surgery ¼ 38.2 days, range ¼ 15-84 days) and a two-month interval between diagnosis and study enrollment (mean time from diagnosis to study enrollment ¼ 69.6 days, range ¼ 30-128 days). The mean score on the SPS attachment scale was 15.16, which is higher than the mean score in the validation sample (mean ¼ 13.72, SD ¼ 2.42) (32) but comparable to the median score in a sample of women recently diagnosed with ovarian cancer (median ¼ 15) (34) . Fifteen women (27%) were classified as showing a moderate to high degree of social isolation (SPS attachment 14). Table 1 also presents information on women classified as high vs low social isolation based on their SPS attachment scores. Women in the high-isolation group had significantly higher BMI and were less likely to be married (P < .05). In addition, there was a significant association between SPS attachment group and molecular subtype (P ¼ .02); women in the high-isolation group had fewer luminal B and more HER2neu-enriched tumors than the low-isolation group. Of note, there was no association between SPS attachment and tumor stage or time from diagnosis to surgery/study enrollment.
Social Isolation and Gene Expression
Primary functional genomics analyses examined whether average expression of an a priori-defined set of 130 EMT-related gene transcripts (40) differed as a function of social isolation after control for any potential confounding by age, race, marital status, BMI, tumor stage, and breast tumor molecular subtype. Results indicated increased mesenchymal polarization in tumors from socially isolated patients (average score difference ¼ þ0.080 log2 mRNA abundance 6 0.034 standard error, P ¼ .020) ( Figure 1A) . In separate follow-up analyses of the 67 mesenchymal-characteristic genes and the 63 epithelialcharacteristic genes, tumors from isolated patients showed increased expression of the mesenchymal gene composite (þ0.188 6 0.066, P ¼ .006) but no difference in the epithelial gene composite (þ0.036 6 0.035, P ¼ .310). Analyses of M1 and M2 macrophage-related transcripts indicated greater M2 polarity in tumors from socially isolated patients (þ0.033 6 0.014, P ¼ .015) ( Figure 1A) , controlling for age, race, marital status, BMI, tumor stage, and breast tumor molecular subtype. Similar results emerged when social isolation was represented as a continuous variable (EMT: -0.032 6 0.015 log2 mRNA abundance/SD increase in SPS attachment scores, P ¼ .032; M1/M2: þ0.016 6 0.008, P ¼ .060).
Ancillary analyses were conducted to identify neuroendocrine signaling pathways that might contribute to differences in gene expression in socially isolated women. Transcriptome profiling identified 534 genes showing greater than 1.2-fold upregulation in tumors from socially isolated patients and 334 genes showing equivalent downregulation. TELiS analyses of transcription factor binding motif prevalence in the promoters of differentially expressed genes implicated increased CREB activity in driving the observed transcriptome differences (log2 folddifference in promoter binding site prevalence: mean ¼ þ0.49 6 0.19, P ¼ .012) ( Figure 1B ) but showed no indication of differential glucocorticoid receptor activity (þ0.27 6 0.26, P ¼ .298), controlling for demographic and disease-related characteristics.
Social Isolation and Lymphatic and Vascular Density
Tumors from socially isolated patients had greater intratumoral LYVE-1 microvessel density, controlling for age, race, marital status, BMI, tumor stage, and breast tumor molecular subtype (b ¼ -0.29, P ¼ .050). Figure 2A shows representative examples in specimens from patients high and low on social isolation, and boxplots of predicted scores on LYVE-1 microvessel density in the high-and low-social isolation groups are shown in Figure 2B . There was no association between social isolation and CD31 microvessel density (P > .70).
Association Between Gene Expression and Lymphovascular Density
Analyses relating LVD and CD31 density to gene expression (controlling for demographic and tumor-related covariates as above) linked LVD to greater EMT polarization (þ0.041 6 0.016 log2 RNA units per SD of LVD, P ¼ .012) ( Figure 3A ), but no difference in M1/M2 polarization was observed (þ0.006 6 0.008, P ¼ .463). Neither EMT nor M1/M2 transcriptome bias correlated with CD31 microvessel density (þ0.008 6 0.014, P ¼ .578, and 0.004 6 0.006, P ¼ .556, respectively) ( Figure 3B ).
Discussion
These analyses document systematic upregulation of multiple prometastatic molecular processes in primary breast tumors from socially isolated breast cancer patients. Social isolation was associated with upregulation of large sets of genes involved in EMT and M2 macrophage polarization as well as increased density of lymphatic vessels in the primary tumor and its microenvironment. These processes are associated with enhanced tumor cell migration, invasion, and metastasis (3) (4) (5) (6) (7) (8) 11) . Of note, results were independent of patient age, race, marital status, BMI, disease stage, and tumor subtype. Consistent with a potential contribution from systemic neuroendocrine influences, TELiS promoter-based bioinformatic analysis of gene regulatory pathway activity also linked social isolation to increased signaling from the CREB family transcription factors that mediate the gene-regulatory effects of b-adrenergic signaling from the SNS. These findings are highly consistent with findings from preclinical mouse models linking chronic stress-induced SNS activation to EMT, M2 polarization, and lymphangiogenesis in primary breast tumors (12, 16 ) and with findings from previous studies documenting increased SNS activity and proinflammatory gene activation in socially isolated humans (28, 29) . These results suggest that epidemiologic indications of reduced cancer survival in socially isolated breast cancer patients (21, 26 ) may stem at least in part from host physiological influences on tumor cell biology and the surrounding microenvironmental processes that regulate breast cancer progression.
Although the present findings are broadly consistent with the molecular mechanisms observed in preclinical animal models of human cancer, we found no evidence that primary breast tumors from socially isolated women showed increased blood vessel invasion or indications of upregulated glucocorticoid receptor signaling. Both of these dynamics have been observed in previous preclinical cancer models in which animals are exposed to chronic stress (18, 43) . These differences may be due to differences in the nature or chronicity of the stressor or in the tumor model.
Limitations of this study include the relatively homogeneous sample, which was comprised primarily of ERþ/PRþ/HER2-luminal A breast tumors and thus may not be generalizable to tumors with other characteristics. In particular, triple-negative tumors were not well represented in this sample, although neuroendocrine signaling through the sympathetic nervous system may be particularly relevant for outcomes in this group (44, 45) . The examination of psychosocial risk factors in the different biological subtypes of breast cancer will facilitate the identification of vulnerable patients who may benefit from targeted therapies. The present results come from a cross-sectional analysis and thus cannot definitively support a causal effect of social isolation on the observed molecular outcomes. It is conceivable, for example, that part of the association observed here may stem from more aggressive tumors inducing changes in the brain processes underlying social behavior (eg, via effects of tumor-derived cytokines [46, 47] ). The clinical significance of the observed molecular differences also remains to be defined in future research.
From a clinical perspective, the molecular pathways identified in this report represent potential targets for interventions to protect patients against the adverse biological effects of social isolation in the highly stressful context of breast cancer. A recent phase II trial with early-stage breast cancer patients demonstrated beneficial effects of perioperative COX-2 and badrenergic blockade on EMT gene expression and monocyte infiltration in primary breast tumors (48) , both of which were linked with social isolation in this study. Thus, treatments that target b-adrenergic and/or inflammatory signaling pathways could potentially reduce the negative effects of social isolation on tumor biology and ultimately help enhance clinical outcomes. Future research will be required to directly quantify the clinical impact of targeting social isolation, but such effects would be consistent with data from several previous randomized controlled intervention studies that document reduced breast cancer progression and mortality in patients treated with multicomponent lifestyle interventions that target stress reduction and enhanced social support (49, 50) . In the context of future clinical trials, the present data identify multiple molecular biomarkers that could be used to assess the biological impact of reducing social isolation in breast cancer patients as they confront this highly significant health threat. 
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